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ABSTRACT 
 
Shear walls are the primary lateral load resisting elements in bearing wall systems used in 
masonry construction. Horizontal loads due to wind or earthquake are transferred to vertical 
walls by diaphragms that are rigid such as concrete floor slabs or flexible such as wood floors. 
With rigid diaphragms, loads are apportioned to the supporting walls based on their relative 
rigidity. Walls with openings accommodating doors and windows (“perforated walls”) have 
reduced rigidity that can be determined using available hand calculation methods. These methods 
primarily focus on analysis procedures, not on the visualization of the load path that is critically 
important in structural engineering practice.  
The analogy of springs in series or parallel is used to determine the equivalent stiffness of 
elastic systems in structural dynamics. This thesis uses this analogy to develop a method that can 
help visualize load flow in perforated shear walls connected to rigid diaphragms. Rigidities are 
calculated using existing methods and combined as springs in series or parallel to represent a 
perforated wall. Loads taken by the wall segments correspond to the electrical current flowing 
through this imaginary “circuit”. To help visualize the load path, the line drawing representation 
of springs in series or parallel and the applied lateral load are deliberately oriented in the vertical 
direction. The application of the analogy is illustrated by several numerical examples of varying 
complexity taken from text books. Finite element solutions are included in the comparisons to 
provide a measure of the relative accuracy of hand calculation methods.  
 ix
The analogy can be extended to refine existing hand calculation methods though this 
increases computational effort. It improves accuracy but only for cases where the aspect ratio of 
the wall segments is such that shear effects are dominant. 
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CHAPTER 1: THESIS OVERVIEW 
 
1.1 Introduction 
Masonry is the most widely used building material in Florida. Unlike steel or concrete 
where beams and columns combine to resist horizontal load by frame action, this is not possible 
in masonry structures where the primary structural element is a wall. Walls by themselves cannot 
resist horizontal loads but if they are assembled as a box (“bearing wall system”) through 
connections to horizontal floor or roof members (referred to as diaphragms), the same walls can 
withstand significant horizontal in-plane shear. Such walls are referred to as shear walls. 
The load supported by a shear wall depends on whether it is connected to a rigid element 
such as a concrete slab or a flexible element such as a wood floor. Flexible diaphragms deform, 
and loads are apportioned to shear walls based on the tributary area. Rigid diaphragms do not 
deform; the horizontal force in wall segments depends on their relative rigidities. Openings for 
doors and windows reduce rigidity; the visualization of the load path in rigidly connected shear 
walls with openings (“perforated”) is not obvious. 
The analogy of springs in parallel (or in series) is commonly used in structural dynamics 
for determining the equivalent stiffness of elastic systems. The equivalent stiffness is also used to 
apportion forces in rigidly connected perforated shear walls. This similarity is widely recognized 
and discussed in texts, e.g. Taly (2001), p. 7.16 states that the “vertical segments between 
openings are considered to be in parallel, similar to a system of springs in parallel”. However, 
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as can best be ascertained no attempt has been made to extend this idea for developing a formal 
spring analogy model for analyzing perforated walls under static loading. 
Lars Fetzek, a former USF graduate student recognized the similarity in the flow of 
forces in a perforated shear wall with current flow in an electrical circuit while taking a course 
on Masonry Design in Spring 2006. He and fellow student, Steve Metzer, submitted a homework 
assignment to expand on this idea but unfortunately no copies of their work are available. This 
thesis builds on their original observation, but it additionally incorporates information from 
textbooks since the analogy makes use of established hand calculation methods. The main 
contribution of the thesis is using the spring analogy method as a tool for visualizing load path in 
perforated shear walls. 
1.2 Problem Statement 
R. E. Klingner (2008) provides an insightful illustration on how lateral loads are 
apportioned in perforated shear walls. He compares results from hand calculations with finite 
element analysis that serve to highlight the dependence of answers on the method of analysis. It 
is this dependence of hand calculation results on the method of analysis that can be problematic.  
The plan view of a one-story building analyzed is shown in Figure 1-1. A horizontal load 
is applied at the roof diaphragm in the North-South direction. This load is resisted by two walls - 
one perforated wall (east) and the other solid wall (west). Analysis requires the determination of 
the forces in the corresponding three segments A, B, and C identified in Figure 1-2. Note the 
differences in the applied shear load in the three analyses presented. 
Results from finite element analysis and two widely used simplified methods are shown 
in Figure 1-2 and compared in Table 1-1. Inspection of Table 1-1 shows that the simplified 
analysis (considering shearing stiffness) in which loads are apportioned based on their lengths 
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gives accurate values for walls A and C, but underestimates the load for wall B. The other 
simplified method yields conservative values.  
 
Figure 1-1 Plan View of the One-Story Building  
Reprinted from Masonry Course Notes (p. 1), by Richard E. Klingner, 2008, Longmont, CO: The 
Masonry Society. Copyright 2008 by Richard E. Klingner. Reprinted with permission. 
 
 
 
Figure 1-2 Force Distribution in Shear Wall with Openings  
Reprinted from Masonry Course Notes (p. 4, 6, 18), by Richard E. Klingner, 2008, Longmont, 
CO: The Masonry Society. Copyright 2008 by Richard E. Klingner. Reprinted with permission. 
(c) Simplified Analysis Considering Shear and Torsion 
(a) Finite Element Analysis      
AnalysisMethod 
(b) Simplified Analysis Considering Shear 
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Table 1-1 Force Distribution in Piers and Time Taken 
Methods A (kips) B (kips) C (kips) T (mins) 
Finite Element Analysis 0.97 2.35 0.97 30 
Simplified Analysis (considering shear) 0.97 1.94 0.97 10 
Simplified Analysis (considering shear and torsion) 1.2 2.4 1.2 60 
Simplified Analysis (considering shear and flexural) - - - 120 
 
Klingner reported that the disparate analyses took between 10 to 120 minutes. Finite 
element analysis took 30 minutes; the corresponding hand calculation using three different 
assumptions took 10 minutes (only shearing stiffness is considered), 60 minutes (shearing 
stiffness and torsional shear are considered) and 120 minutes (shearing and flexural stiffness are 
considered), respectively.  
It may be seen that the two doors in Figure 1-2 are of the same size so that both 
horizontal and vertical members have constant dimensions. This is usually not the case when 
windows are present. In this situation, licensed design professionals rely on more generalized 
methods described in other texts, e.g. Drysdale et al. (1994), Abrams (2000), and Taly (2001).  
Hand calculation methods can be broadly classified as: (1) non-superposition-based, and 
(2) superposition-based. In the first category, walls are required to be divided into vertical and 
horizontal members (see Figure 1-3). The two existing methods in this category are referred to as 
Method 1A and Method 1B in this thesis. In Method 1A, both vertical and horizontal members 
are considered. In addition, the calculation of the rigidity is based on the geometry of the 
member. In Method 1B, only rigidities of the vertical members are taken into consideration. 
Thus, it is comparable to Klingner’s simplified method where forces in perforated wall segments 
are apportioned based on their relative length. 
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Figure 1-3 Vertical Members (Piers) and Horizontal Members (Beams) 
Superposition constitutes the basis for the second category. In essence, the rigidity of the 
openings is subtracted from that of a solid wall to replicate its elevation. This is illustrated in 
Table 1-2. The superposition-based method is referred to as Method 2 in this thesis. The 
procedure is applied for openings at the same elevation. In practice, doors and windows are 
rarely positioned at the same elevation. Therefore, the superposition procedure has to be applied 
multiple times to address the variation in the size of the openings. More details on each method 
will be presented in Chapter 2.   
Table 1-2 Conceptual Diagram of Superposition-Based Method 
Perforated Wall Solid Wall Solid Strip Piers 
    
Boundary Condition Cantilever Fixed* Fixed 
∆𝒕𝒐𝒕𝒂𝒍 ∆௦௢௟௜ௗ ௪௔௟௟  ∆௦௢௟௜ௗ ௦௧௥௜௣ ∆௣௜௘௥௦ 
* Taly (2001) and others recommend cantilever boundary for the strip. 
 
 
= - + 
= - + 
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1.3 Wall Segments in Parallel and in Series 
Walls in parallel or series are illustrated in Figure 1-4 and 1-5. In Figure 1-4, the 
horizontal force (F) applied at the top edge of the wall is shared by the two segments. The 
magnitude of the forces, F1 and F2, depends on their relative rigidities R1 and R2 which are a 
function of wall geometry. The two segments may thus be viewed to be in parallel and can be 
modeled as springs in parallel. Similarly, in Figure 1-5, the same force is resisted by each wall 
segment so that these two walls may be viewed to be in series. This relationship can also be 
modeled as springs in series. In Figures 1-4 and 1-5, the rigidity (R) of the wall segments 
corresponds to the stiffness (K) of the springs. 
By representing the walls as springs in parallel and in series in the vertical direction, the 
location of the springs can also represent the geometry of the perforated wall. The idealization of 
walls as springs in parallel or series has similarities with resistors in parallel or series in electrical 
circuits. Springs signify rigidity that determines how force is distributed. Resistors determine the 
electrical current flowing through a circuit. In this thesis, this similarity is exploited to help 
visualize the load path. The equivalence and the differences between electrical circuits and spring 
systems in series and parallel are shown in Appendix A 
To visualize the load path in perforated shear walls, segments are modeled as springs in 
parallel or in series. The distribution of forces in these segments is obtained by imagining how 
current will flow in this “circuit”. General modeling procedures are established and the 
application of the analogy developed through a series of numerical examples. 
. 
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Figure 1-4 Wall Segments in Parallel 
 
 
   
 
 
    
 
 
 
 
Figure 1-5 Wall Segments in Series 
 
 
(a) Forces in Wall Segments (b) Modeling in Series 
(a) Forces in Wall Segments (b) Modeling in Parallel 
𝑅 = 𝑅ଵ + 𝑅ଶ 
𝐹 = 𝐹ଵ + 𝐹ଶ 
𝐾 = 𝐾ଵ + 𝐾ଶ 
𝐹 = 𝐹ଵ + 𝐹ଶ 
K1 K2 
K1 
K2 
1
𝑅
=
1
𝑅ଵ
+
1
𝑅ଶ
 
𝐹 = 𝐹ଵ = 𝐹ଶ 
1
𝐾
=
1
𝐾ଵ
+
1
𝐾ଶ
 
𝐹 = 𝐹ଵ = 𝐹ଶ 
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1.4 Thesis Outline 
The primary goal of this thesis is to develop a spring analogy method from existing hand 
calculation methods which is suitable for visualizing the load path in perforated shear walls. 
Since the proposed method is based on available hand calculation methods, they are reviewed in 
Chapter 2. Chapter 3 provides a step-by-step procedure for developing the spring analogy 
method for visualizing force distribution. Finite element modeling is introduced in Chapter 4 that 
is used to assess the accuracy of available hand calculation methods in Chapter 5. A refined 
method based on the spring analogy and the finite element method that can lead to improved 
accuracy is presented in Chapter 6. The main conclusions and recommendations are summarized 
in Chapter 7. To avoid clutter, detailed calculations related to numerical solutions of examples 
are contained in three separate Appendices, B, C, and D. 
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CHAPTER 2: REVIEW OF AVAILABLE HAND CALCULATION METHODS 
 
2.1 Introduction 
As discussed in Chapter 1, alternative simplified procedures for calculating the rigidity of 
perforated shear walls are available. Although they can be broadly categorized as superposition 
or non-superposition-based methods, details differ. This makes identification of the optimal 
method confusing to the non-specialist reader. This is especially the case because the approaches 
are not described in terms of load path but in superposition or non-superposition terms. In this 
chapter, details and calculation procedures of the hand calculation methods are described to 
provide the needed background information. 
Rigidity is the reciprocal of deflection. Since shear walls are assumed to be fixed at one 
end (cantilevered wall) or at both ends (fixed wall), deflection expressions for both boundary 
conditions are presented. The expression also needs to consider flexure and shear effects because 
of the wall geometry. From Hooke’s Law, 𝐹 = 𝑅∆, where F is the in-plane lateral force applied 
along the top surface of the shear wall, R its rigidity and 𝛥 the corresponding deflection. The 
reciprocal of deflection for F set as unity is defined as the rigidity of the solid wall. 
A conceptual overview of the three methods is then presented. The two non-
superposition-based methods are labeled as Methods 1A and Method 1B. The corresponding 
superposition-based method is labeled as Method 2. Calculation procedures will then be 
illustrated by a sample problem and comparisons made. 
10 
 
2.2 Review of Beam Theory 
Beam theories idealize three-dimensional structural elements as one-dimensional line 
members. Depending on the simplifying assumption, beam theories are classified as Euler-
Bernoulli or Timoshenko beam theory. In Euler-Bernoulli beam theory, the cross section of the 
beam is assumed to remain plane after deformation and perpendicular to the bending axis. In 
contrast, the Timoshenko beam theory assumes that there is additional rotation between the cross 
section and the bending axis. This rotation cannot be neglected if the length to height ratio of the 
beam is small where such beams are referred to as “deep beams”. 
The definition of boundary condition of the wall segments is shown in Figure 2-1. The 
wall segments constrained at their top and bottom by other elements are defined as fixed while 
those free at the top are defined as cantilevered. Expressions for deflection for cantilever and 
fixed boundary conditions for unit force may be found in masonry texts, e.g. Taly (2001). The 
equations are derived from the beam theories mentioned above and reproduced below. The 
inverse of deflection under unit load is defined as the rigidity. 
2.2.1 Cantilever Wall 
∆்஼= ∆ி + ∆ௌ=
ℎଷ
3𝐸𝐼
+
1.2ℎ
𝐺𝐴
=
1
𝐸𝑡
൤4(
ℎ
𝐿
)ଷ + 3(
ℎ
𝐿
)൨ 
𝑅௖௔௡௧௜௟௘௩௘௥ =
1
∆்஼
 
2.2.2 Fixed Wall 
∆்ி= ∆ி + ∆ௌ=
ℎଷ
12𝐸𝐼
+
1.2ℎ
𝐺𝐴
=
1
𝐸𝑡
൤(
ℎ
𝐿
)ଷ + 3(
ℎ
𝐿
)൨ 
𝑅௙௜௫௘ௗ =
1
∆்ி
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Figure 2-1 Definition of Boundary Condition in Perforated Wall Segments 
Since only the relative rigidity is important, the term 1/Et can be removed from the above 
equations as it is usually the same for all segments in a given wall. Thus, deflection is a function 
of h/L. According to Taly (2001), for squat walls with h/L below 0.25, the flexural component is 
only 8% in cantilevered walls and 2% in fixed walls. In such cases, the shear distributed to a wall 
segment is proportional to its length.  
2.2.3 Equivalent Rigidity for Wall Segments in Parallel 
 Wall segments in perforated walls may be viewed to be in parallel or in series. Following 
Taly (2001), p. 7.21, the total rigidity R of segments in parallel with individual rigidities of R1, 
R2, R3, …, Rn is given by:  
𝑅 = 𝑅ଵ + 𝑅ଶ + 𝑅ଷ + ⋯ + 𝑅௡ 
2.2.4 Equivalent Rigidity for Wall Segments in Series 
For segments in series having individual rigidities of R1, R2, R3, …, Rn, the total rigidity 
R is given by:  
1
𝑅
=
1
𝑅ଵ
+
1
𝑅ଶ
+
1
𝑅ଷ
+ ⋯ +
1
𝑅௡
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2.3 Review of Available Methods 
 A sample problem taken from Mujumdar (2005) will be used to illustrate calculation 
procedures of each method. The wall shown in Figure 2-2 has two openings but with different 
heights. Therefore, Klingner’s simplified method where forces in perforated wall segments are 
apportioned based on their relative length may not be applicable.  
Several methods have been suggested for analyzing perforated walls, e.g. Drysdale et al. 
(1994), Taly (2001), Mujumdar (2005). Three methods are discussed in the following. These can 
be classified as: (1) non-superposition-based, and (2) superposition-based. In the following 
section, methods derived from non-superposition-based are referred to as Method 1A and 
Method 1B while method derived from superposition-based is labeled as Method 2.  
 
Figure 2-2 Sample Problem from Mujumdar (2005) 
2.4 Method 1A 
In this method, the wall is sub-divided into horizontal members (beams) and vertical 
members (piers). The beams and piers in the sample problem are labeled as B1, B2 and P1, P2, P3 
(see Figure 2-3).  
 
Figure 2-3 Wall Divided into Horizontal and Vertical Members 
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The in-plane shear applied at the top has to be transferred to the bottom of the wall. From 
a force distribution perspective, the applied force can only be distributed from B1 into the three 
piers, P1, P2, and P3. This apportionment is based on the relative rigidities of the two wall 
segments, P1 and P2P3B2. Since segment P2P3B2 includes an opening, the rigidity of the entire 
segment, RS, should be determined first. From this information, the forces in each of the three 
piers can be calculated. The force in piers P2 and P3 are transferred by beam B2 to the bottom. 
Details are illustrated in Table 2-1.  
The procedure of Method 1A is illustrated in Table 2-2. Note that the horizontal member, 
B1, is cantilevered while the horizontal member, B2, and vertical members are fixed. In Table 2-
2, the actual procedure to calculate the rigidity of this perforated wall should be viewed form the 
bottom of the table to the top. 
Table 2-1 Force Distribution in Sample Problem 
Schematic Diagram Description Force Distribution 
 
The applied force (F) is distributed into 
P1 and segment P2P3B2. The force in 
vertical member P1 is defined as F1 and 
the force in segment P2P3B2 is defined 
as FS. 
𝐹ଵ = 𝐹 ×
𝑅ଵ
𝑅ଵ + 𝑅ௌ
 
𝐹ௌ = 𝐹 ×
𝑅ௌ
𝑅ଵ + 𝑅ௌ
 
 
The force distributed into segment 
P2P3B2 is distributed again into vertical 
members, P2 and P3. The forces in piers 
P2 and P3 are defined as F2 and F3. 
𝐹ଶ = 𝐹ௌ ×
𝑅ଶ
𝑅ଶ + 𝑅ଷ
 
𝐹ଷ = 𝐹ௌ ×
𝑅ଷ
𝑅ଶ + 𝑅ଷ
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Table 2-2 Procedure for Method 1A 
Schematic Diagram Description 
 
 
 
The total rigidity can be calculated by considering 
B1 and P1P2P3B2 are in series which gives: 
𝑅 =
1
1
𝑅௕ଵ
+ 1𝑅௣ଵଶଷ௕ଶ
 
 
P1 and P2P3B2 are in parallel which gives: 
𝑅௣ଵଶଷ௕ଶ = 𝑅௣ଵ + 𝑅௣ଶଷ௕ଶ 
 
Pier P2P3 and beam B2 are in series which gives: 
𝑅௣ଶଷ௕ଶ =
1
1
𝑅௣ଶଷ
+ 1𝑅௕ଶ
 
 
P2 and P3 are in parallel which gives: 
𝑅௣ଶଷ = 𝑅௣ଶ + 𝑅௣ଷ 
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2.5 Method 1B 
Method 1B is a simplified form of Method 1A that disregards the contribution of the 
horizontal members. Thus, the rigidity of the perforated wall is calculated by adding up the 
rigidities of the individual piers (assuming the boundary condition of these piers are fixed). The 
terms Rp1, Rp2, and Rp3 are defined to be the rigidities of the piers P1, P2, and P3, respectively. 
The total rigidity (R) is the sum of Rp1, Rp2, and Rp3. The forces in the individual piers are pro-
rated based on their relative rigidities as illustrated in Figure 2-4.  
               
Figure 2-4 Force Distribution in Perforated Wall by Using Method 1B 
Since the contribution of horizontal members is neglected, this method has obvious 
limitations. When the height of a horizontal member is relatively small in comparison to its 
length (h/L ≈0), deflection can be neglected. However, when the height to length ratio is large, 
this assumption is no longer valid. Therefore, the calculated rigidity will be overestimated 
because the deflection of the beams is neglected. 
2.6 Superposition-Based Method 
Superposition provides an intuitive way of analyzing a perforated wall. In this method, by 
appropriately adding or subtracting beam and pier segments, the perforated geometry can be 
replicated. However, the procedure can be complicated. In the first step, the deflection in an 
identical solid wall (𝛥solid wall) assumed to be cantilevered is calculated by ignoring all the 
𝑅 = 𝑅௣ଵ + 𝑅௣ଶ + 𝑅௣ଷ 
𝐹ଵ = 𝐹 ×
𝑅௣ଵ
𝑅
 
𝐹ଶ = 𝐹 ×
𝑅௣ଶ
𝑅
 
𝐹ଷ = 𝐹 ×
𝑅௣ଷ
𝑅
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openings. Then, the deflection of a solid strip (𝛥solid strip) corresponding to the opening (assumed 
to be fixed) is subtracted from the solid wall. Note that the “strip” is defined so that its length 
equals to the length of the perforated wall and its height equals to the height of the tallest 
opening. Finally, the deflection of the piers (𝛥piers) assumed to have fixed supports is added. The 
superposition procedure is illustrated in Table 2-3.  
Table 2-3 Conceptual Diagram of Superposition-Based Method 
Perforated Wall Solid Wall Solid Strip Piers 
    
Boundary Condition Cantilever Fixed* Fixed 
∆𝒕𝒐𝒕𝒂𝒍 ∆௦௢௟௜ௗ ௪௔௟௟  ∆௦௢௟௜ௗ ௦௧௥௜௣ ∆௣௜௘௥௦ 
* Taly (2001) and others recommend cantilever boundary for the strip. 
2.7 Method 2 
This method was suggested by Concrete Masonry Association of California and Nevada 
(2015). For the sample problem, the superposition procedure has to be applied twice because 
there is another opening in segment P2P3B2. The segment that consists of P2, P3, and B2 cannot be 
considered as a pier since it is a different perforated wall. Therefore, superposition has to be 
applied again to obtain the rigidity of this segment.  
The solid wall is assumed to be cantilevered while the solid strip and the piers are 
assumed to be fixed. As noted, the superposition should be applied twice. The boundary 
condition of the solid wall in the second superposition procedure is assumed to be fixed since 
there is a horizontal member at its top. Details are summarized in Table 2-4.  
= - + 
= - + 
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Table 2-4 Calculation Procedure for Method 2 
Step 1 
Perforated Wall Solid Wall Solid Strip Piers 
  
  
Boundary Condition Cantilever Fixed 
P1: Fixed 
Segment: See Next Step 
∆𝒕𝒐𝒕𝒂𝒍 ∆௦௢௟௜ௗ ௪௔௟௟ ∆௦௢௟௜ௗ ௦௧௥௜௣ ∆௣௜௘௥௦ 
 
Step 2 
Perforated Wall Solid Wall Solid Strip Piers 
   
 
Boundary Condition Fixed Fixed 
P2: Fixed 
P3: Fixed 
∆𝒔𝒆𝒈𝒎𝒆𝒏𝒕 ∆௦௢௟௜ௗ ௪௔௟௟ ∆௦௢௟௜ௗ ௦௧௥௜௣ ∆௣௜௘௥௦ 
 
2.8 Summary 
The differences between available hand calculation methods are presented. For the first 
category which is non-superposition-based, Method 1A requires more calculation and needs to 
identify the relation between wall segments while Method 1B provides a simple and rapid 
method to estimate the rigidity of the perforated wall. In the sample problem, there are only two 
openings. However, in practice, there may be more openings in the wall. Therefore, the 
calculation by using Method 1A will be complicated. For the second category which is 
= - + 
= - + 
= - + 
= - + 
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superposition-based method, the calculation procedure of Method 2 is similarly involved. More 
importantly, the force distribution is difficult to visualize using this method; the definition of the 
boundary conditions can be confusing. Calculations can be more complicated when there are 
multiple openings since the superposition procedure has to be applied multiple times. A 
comparison of each method for the sample problem is summarized in Table 2-5. 
Table 2-5 Comparison of Each Method 
Methods Description Outcome Time 
Method 1A Considering both Piers and Beams Overestimate 10 minutes 
Method 1B Considering only Piers Overestimate 5 minutes 
Method 2 
Apply superposition procedure multiple times depending 
on the complexity of the perforated wall 
Overestimate 20 minutes 
  
It is easier to compare results for forces and the rigidities using numerical values. Table 
2-6 compares the relative rigidities and force distributions for the sample problem using all three 
methods. The analysis assumes that an in-plane lateral force of 100 kips is applied at the top edge 
of the wall. The total rigidity of the perforated wall varies considerably, especially for Method 
1B. However, the force distribution in the piers is comparable. Details of the calculations are 
included in Appendix B. 
 
 
 
 
 
19 
 
Table 2-6 Comparison of Force Distribution and Rigidity 
Sample Problem 
 
Relative Rigidity Force in Pier P1 (k) 
Method 1A Method1B Method 2 Method 1A Method1B Method 2 
0.383 0.918 0.303 9.04 5.18 9.45 
Force in Pier P2 (k) Force in Pier P3 (k) 
Method 1A Method1B Method 2 Method 1A Method1B Method 2 
41.66 43.43 41.48 49.30 51.39 49.08 
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CHAPTER 3: IDEALIZATION OF PERFORATED SHEAR WALL AS SPRING 
SYSTEM 
 
3.1 Introduction 
The force distribution in perforated shear walls is analogous to current flow in a spring 
system as introduced in Chapter 1. This facilitates visualization of the load path for lateral loads 
transferred from the top to the bottom of the wall. This chapter not only complements 
information presented earlier but also presents a step-by-step procedure on how perforated walls 
can be idealized as a system of springs in series or parallel. Application of this procedure is 
subsequently illustrated for a perforated wall example taken from Taly (2001). 
3.2 Load Path for Lateral Load 
Force distribution for vertical load follows the familiar concept of tributary area shown in 
Figure 3-1. In contrast, horizontal load in perforated shear walls is apportioned based on the 
relative rigidity of the wall segments. This is illustrated in Figure 3-2 which shows a wall with 
two different layouts for the door. In the first case of Figure 3-2, both walls have the same length 
(L). Since the rigidity of the wall segment is calculated in the same way, the force obtained in 
each wall will be the same. In the second case, one wall is much longer (L1) than the other (L2) 
so that the applied force FH is divided into unequal forces F1 and F2. Because the forces are 
unequal, they can be viewed as two resistors in parallel. Refinements to this idealization are 
described in Chapter 6 that can lead to results that are in closer agreement with solutions from   
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 finite element analysis. Otherwise, the principal benefit of the approach is that it provides a 
means for visualizing the vertical transfer of a horizontal load. 
 
Figure 3-1 Vertical Load Path 
Reprinted from Masonry Course Notes (p. 13), by Richard E. Klingner, 2008, Longmont, CO: 
The Masonry Society. Copyright 2008 by Richard E. Klingner. Reprinted with permission. 
                                        
Figure 3-2 Horizontal Load Path 
3.3 Example from Taly (2001) 
 If forces in individual springs are the same, it is said to be in series. On the other hand, if 
the total force in a spring system is the sum of the forces in individual springs, it is in parallel. 
Therefore, wall segments can be modeled as springs in parallel or series. In addition, since force 
distribution in perforated walls has alternative pathways depending on their relative rigidities, an 
(a) Vertical Members with Same Size (b) Vertical Members with Different Size 
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analogy exists between electrical current and lateral force distribution. By representing the force 
distribution as current flow, the distribution of lateral load can be visualized. This is an important 
consideration in structural engineering practice.  
The proposed spring analogy method is essentially a visual representation of the analysis 
method that is identified in this thesis as Method 1A. Thus, the results using the analogy will be 
identical. However, the spring analogy method can be modified to improve correlation with 
finite element results as described in Chapter 6. A step-by-step procedure is given below and 
illustrated in Table 3-1. 
 
Figure 3-3 Example from Taly (2001) 
1. A perforated wall should first be divided into horizontal and vertical members.  
Figure 3-3 is a wall with three unequal windows and one door. The horizontal members 
are labeled as B1 to B4 while the piers are labeled as P1 to P5. Following Taly (2001), 
segments containing openings have to be identified separately as Groups.   
2. The load applied at the top of the wall is transferred by beam B1 to piers P1 to P5 in 
proportion to their relative rigidities. Since the piers are connected to beams at their 
bases, the rigidities of three groups must first be calculated. 
3. Loads in individual piers P1 to P4 are apportioned based on their relative rigidities. 
4. Loads in piers are transferred to their respective beams B2, B3, and B4. 
5. The sum of the loads in B2, B3, and B4 should equal to the applied load.  
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Table 3-1 Procedure for Modeling as Spring System 
Schematic Diagram of Example Taken from Taly (2001) 
 
 Schematic Diagram Description 
Whole 
Wall 
 
The horizontal force (F) is applied at the top edge of the wall. This 
force distributes into Group 1, Group 2, and Group 3 and the forces 
in each group are defined as F1, F2, and F3, respectively. 
Groups 1, 2, and 3 are in parallel but are in series with B1. 
Group 1 
 
In Group 1, the force (F1) is distributed to vertical members, P1 and 
P2. The forces in P1 and P2 are FP1 and FP2. These forces will 
eventually flow into B2. P1 and P2 are in parallel but are in series 
with B2. 
Group 2 
 
In Group 2, the force (F2) is distributed to vertical members, P3 and 
P4. The forces in P3 and P4 are FP3 and FP4. These forces will 
eventually flow into B3. P3 and P4 are in parallel but they are in 
series with B3. 
Group 3 
 
In Group 3, the same force (F3) can directly flow through vertical 
member, P5, and horizontal member, B4. P5 and B4 are therefore in 
series. 
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In Figure 3-3, the blue area represents the horizontal members while the yellow area 
stands for the vertical members. The boundary condition for the vertical members (piers) is fixed 
because the top and the bottom of the piers are constrained by horizontal members. In addition, 
the boundary conditions of the horizontal members, B2, B3, and B4, are also assumed to be fixed 
since there is sufficient wall above to restrain rotation at the top. However, the horizontal 
member B1 is assumed to be cantilevered in perforated walls in low-rise buildings, Taly (2001).  
By using the spring analogy, the rigidity of a wall is represented by a spring stiffness 
while force distribution corresponds to an electrical current flowing through this “circuit”. A 
junction where forces merge can represent the corresponding elevation in the perforated wall; the 
force then travels downward. Figure 3-4 shows the distribution of a horizontal force into each 
wall segment. The force is deliberately oriented vertically to help visualize load flow from the 
top to the bottom. 
 
Figure 3-4 Force Distribution in Wall Segments 
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3.4 Comparison of Spring System and Electrical Circuit 
 It is convenient to visualize load flow in perforated shear walls as a current flow. 
However, there are important difference between spring systems and electrical circuits discussed 
in Appendix A. Table 3-2 and Table 3-3 compares spring and electrical circuits in parallel and 
series.    
Table 3-2 Comparison of Spring System and Electrical Circuit – In Parallel 
 Walls in Parallel Spring System Electrical Circuit 
Schematic 
Diagram 
   
Relation 
𝐹 = 𝐹ଵ + 𝐹ଶ 
∆= ∆ଵ= ∆ଶ 
𝐹 = ∆𝑅 
𝐹 = 𝐹ଵ + 𝐹ଶ 
∆= ∆ଵ= ∆ଶ 
𝐹 = ∆𝐾 
𝐼 = 𝐼ଵ + 𝐼ଶ 
𝑉 = 𝑉ଵ = 𝑉ଶ 
𝐼 = 𝑉 ×
1
Ω
 
Comment 
The force (F) is shared by two 
segments. The rigidities of two 
segments are R1 and R2. The 
equivalent rigidity is calculated as 
springs in parallel.  
In a spring system, the forces 
in the spring can represent 
the reaction forces in wall 
segments. The applied force 
and forces in the springs are 
in different directions. These 
can be determined by using 
free body diagrams. 
In an electrical circuit, 
current can only flow in 
one direction that can be 
considered like a force 
transfer from the top to 
the bottom. Imagining 
force as a current allows 
the load transfer through 
wall segments to be 
readily visualized. 
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Table 3-3 Comparison of Spring System and Electrical Circuit – In Series 
 Walls in Series Spring System Electrical Circuit 
Schematic 
Diagram 
   
Relation 
𝐹 = 𝐹ଵ = 𝐹ଶ 
∆= ∆ଵ + ∆ଶ 
𝐹 = ∆𝑅 
𝐹 = 𝐹ଵ = 𝐹ଶ 
∆= ∆ଵ + ∆ଶ 
𝐹 = ∆𝐾 
𝐼 = 𝐼ଵ = 𝐼ଶ 
𝑉 = 𝑉ଵ + 𝑉ଶ 
𝐼 = 𝑉 ×
1
Ω
 
Comment 
The force (F) is the same in two 
segments. The rigidities of two 
segments are R1 and R2. The 
equivalent rigidity is calculated as 
springs in series. 
In a spring system, forces are 
reaction forces in wall 
segments that are in opposite 
directions. These are 
determined by using a free 
body diagram. 
In an electrical circuit, the 
current can only flow in 
one direction that can be 
viewed as load downward 
load transfer. Imagining 
force as a current allows 
the load transfer through 
wall segments to be 
readily visualized. 
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CHAPTER 4: USING FINITE ELEMENT METHOD TO ANALYZE PERFORATED 
SHEAR WALL 
 
4.1 Introduction 
Previous chapters demonstrated that results from superposition and non-superposition 
method differ because of the disparate simplifying assumptions. Finite element analysis provides 
a means for assessing their relative accuracy. As mentioned in Chapter 2, behavior of the shear 
wall without opening is simple and can be modeled as an elastic beam. However, the assumption 
of elastic behavior in perforated shear walls is unrealistic.  
Finite element analysis requires discretization of the pier and beam segments that define 
the perforated wall geometry. Discontinuity arising from openings results in stress concentrations 
that can be captured by the finite element analysis. Therefore, discretizing the shear wall with 
openings into smaller elements will help improve the accuracy of the rigidity value and the force 
distribution in the wall segments. In this chapter, the finite element software, ETABS, is utilized 
to analyze a shear wall with openings and assess the relative accuracy of the hand calculation 
methods. 
4.2 General Model Information 
 Since the study is focused on perforated shear walls, the most important parameters are 
the dimensions of the wall, its thickness, and the material properties of masonry, namely its 
modulus of elasticity and Poisson’s ratio. The thickness of the wall is assumed to be 10 inches. 
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The modulus of elasticity is 1800 ksi for an assumed specified compressive masonry strength of 
2000 psi, TMS 402/602-16. Poisson’s ratio is taken as 0.25. 
 To understand the behavior of the wall, an in-plane lateral load of 100 kips is uniformly 
applied at the top edge of the wall. Self-weight of the wall is neglected. Table 4-1 shows the 
parameters used in the modeling. 
Table 4-1 Parameters for Modeling 
Parameters Magnitude 
Material Masonry 
Compressive Strength (f'm) 2000 psi 
Modulus of Elasticity 1800 ksi 
Poisson’s Ratio 0.25 
Lateral Load 100 kips 
Thickness of the Wall 10 inches 
 
 Before conducting the finite element study, it is important to ensure the validity of the 
model and the correctness of the assigned parameters. Klingner provided results from finite 
element analysis of a perforated wall that was discussed in Chapter 1 (Figure 1-2(a)). The forces 
in wall segments A, B, and C were 0.97 kips, 2.35 kips, 0.97 kips, respectively. The dimensions 
of the perforated wall are shown in Figure 4-1(a). The two openings are of the same size and the 
proportion of the length of the wall segments is 1:2:1.  
The same model is created in ETABS (see Figure 4-1(b)). The wall and beam segments 
were divided into 3 pier and 5 beam elements. The horizontal force was applied uniformly at the 
top edge of the wall and the supports at the base were assigned to be fixed. The results of the 
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analysis were identical to that reported by Klingner (2008). Therefore, ETABS model used in the 
thesis can be considered to be validated. 
   
 
Figure 4-1 Klingner’s Example 
Reprinted from Masonry Course Notes (p. 1), by Richard E. Klingner, 2008, Longmont, CO: The 
Masonry Society. Copyright 2008 by Richard E. Klingner. Reprinted with permission. 
4.3 Modeling Perforated Wall 
 To understand the behavior of a perforated wall and the force distribution in wall 
segments, the example taken from Taly (2001) mentioned in Chapter 3 is used in this section. 
Figure 4-2 shows the model of the example in ETABS. The wall is fixed at the base and the 
lateral load is uniformly distributed along the top of the 30 ft wall.  
 
Figure 4-2 Model of the Example in ETABS 
(a) Dimension (b) Model 
30 
 
There are several possible idealizations. To account for openings, the wall and beam 
elements must be discretized. However, this is not used in available hand calculation methods 
such as Method 1A. The following paragraphs focus on discussing differences in stresses, force 
distributions and rigidities between the perforated wall with mesh and without meshing. 
Figure 4-3(a) shows the stress distribution for this example analyzed by using finite 
element software, ETABS. The perforated wall is assumed to be homogenous and isotropic. 
Quadrilateral shell elements were used in the discretization. The mesh was refined for the 
solution to converge. The stress concentration at the corners of openings may be seen. This is the 
location where potential cracks are known to propagate diagonally. Thus, the output from finite 
element analysis agrees qualitatively with experimental results.  
 The same material properties were used to simulate Method 1A. However, instead of 
meshing the wall, Figure 4-3(b) follows the assumption of Method 1A which is dividing the 
perforated wall into horizontal and vertical members. In addition, these members were also 
defined as homogenous and isotropic shell elements. The result is shown in Figure 4-3(b). In the 
figure, it is impossible to precisely point out locations where stresses are supposed to be 
concentrated. Since force is related to rigidity, inaccuracies in rigidity affect the accuracy of the 
force distribution in the perforated wall. 
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Figure 4-3 Stresses in Perforated Wall 
4.4 Summary 
The numerical comparison of the force distribution and rigidity of the wall are shown in 
Table 4-2. Answers for Method 1A are taken from Taly (2001). According to the comparison, 
the distribution of the horizontal force in the vertical members (piers) is not exactly based on the 
relative rigidity. The walls located in the middle attract more forces because of the boundary 
conditions. However, the force flow in the segments follow a similar pattern. For example, the 
force in P4 is the largest from both methods and force in P5, the smallest. Therefore, force 
distribution calculated by using available methods that are introduced in Chapter 2 can still 
provide acceptable and valid estimates.  
From Table 4-2, the rigidity calculated by using Method 1A is about 30% higher than the 
actual rigidity. This confirms the conclusion stated in Chapter 2 that Method 1A will 
(a) Finite Element Analysis 
(b) Method 1A 
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overestimate the rigidity of a perforated wall. Despite the overestimation in rigidity, the results 
for force distribution in wall segments are satisfactory. However, to obtain more accurate results 
for force distribution and rigidity, elements need to be discretized into smaller pieces. 
Table 4-2 Force Distribution in Piers 
Pier No. Finite Element Method (k) Method 1A (k) Error (%) 
P1 7.69 12.0 56.05% 
P2 21.13 20.8 -1.56% 
P3 28.39 24.7 -12.98% 
P4 37.16 31.9 -14.16% 
P5 5.64 10.6 87.94% 
Relative Rigidity 0.483 0.618 27.95% 
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CHAPTER 5: CASE STUDY – MASONRY SHEAR WALL WITH MULTIPLE 
OPENINGS 
 
5.1 Introduction 
 In previous chapters, available hand calculation methods, finite element modeling and the 
simplified modeling of Method 1A were introduced. To further discuss the accuracy of each 
method and the pattern of the force distribution in the wall segments, three examples taken from 
established texts, such as Amrhein (1992) and Drysdale et al. (1994) are used. These are 
identified as Case 1, Case 2, and Case 3. 
The finite element results for all three cases are presented. Comparison of each method 
(Method 1A, Method 1B, and Method 2) with the finite element solution is shown. The 
differences between finite element results and other methods are presented to establish the 
accuracy and reliability of the methods. In addition, force distribution in each wall segment will 
be shown via schematic diagrams from the spring analogy method.  
5.2 Case Study 
 The sample problem taken from Mujumdar (2005) in Chapter 2 is a perforated wall with 
only two openings. The force distribution in this type of perforated wall is relatively simple. 
Therefore, in this section, three cases are introduced to find out if the spring analogy can be used 
for more complicated perforated walls and force distribution visualized.  
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The three examples are taken from textbooks (Amrhein (1992) and Drysdale et al. 
(1994)) and some answers are provided. The perforated wall for the three cases have 3, 4, and 5 
openings, respectively. Figure 5-1 shows the schematic diagram of the three walls.  
                 
 
 
Figure 5-1 Schematic Diagram of Three Cases 
5.3 Force Flow – Case 1 
 No matter which available method is used for calculating rigidity and force distribution, 
the force flow from the top to bottom is identical – through pier and beam segments. For Case 1, 
the horizontal force (F) applied at the top edge of the wall is first distributed into piers, P1, P2, P3, 
and P4. Then, the forces in P1, P2, and P3 are transferred to the horizontal member, B2. Figure 5-2 
shows the force flow in the wall segments and the corresponding spring analogy. The force that 
flows to the section that consists of P1, P2, P3, and B2 is defined as F1 while the force that flows 
(a) Case 1 (b) Case 2 
(c) Case 3 
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to pier P4 is F2. Then, force F1 is distributed into piers P1, P2, and P3 and the force in each 
segment is labeled as FP1, FP2, and FP3, respectively. 
 
 
          
 
 
Figure 5-2 Force Flow in Case 1 
5.4 Force Flow – Case 2 
 The force flow pattern is the same as in Case 1. The horizontal force (F) is distributed 
into P1, P2, P3, P4, and P5. Then, the forces in P2, P3, and P4 are transferred to the horizontal 
member (B2). Details are shown in Fig 5-3. The horizontal force (F) is divided into F1, F2, and F3 
based on the relative rigidity of P1, Group 1, and P5. Note that Group 1 is the section that consists 
of wall segments P2, P3, P4, and B2. Then, the force F2 is distributed into piers P2, P3, and P4 with 
forces that are referred to as FP2, FP3, and FP4.  
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Figure 5-3 Force Flow in Case 2 
5.5 Force Flow – Case 3 
 In this case, the force flow is more complicated. The applied horizontal force (F) is first 
distributed into Group 1, Group 2, Group 3, and Group 4. The definition of these groups is 
shown in Figure 5-4. The forces in each group are labeled as F1, F2, F3, and F4, respectively. In 
Group 2, the force (F2) flows directly through the pier, P3, into horizontal member, B3 and 
eventually to the base. The same behavior occurs in Group 3. However, in Group 1 and Group 4, 
the force in each group has to distribute to the corresponding two piers based on their relative 
rigidities. For example, force (F1) is distributed into piers, P1 and P2, apportioned based on their 
relative rigidities and then the force in these two piers is transferred to the corresponding 
horizontal member, B2.  
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Figure 5-4 Force Flow in Case 3 
5.6 Force Distribution and Rigidity  
 The forces in wall segments and their rigidities are calculated using available hand 
calculation methods and finite element method. Results are compared in this section. Even 
though the force flow pattern for each method is the same, the forces in the wall segments differ 
because of underlying differences in the simplifying assumptions.  
The comparison of forces is only focused on vertical members (piers) because the forces 
in piers eventually flow to the horizontal member. A comparison for horizontal members is 
therefore redundant. Details for Case 1, Case 2, and Case 3 are summarized in Table 5-1, Table 
5-2, and Table 5-3, respectively. Note that the applied horizontal force is assumed to be 100 kips 
and the rigidity is shown as relative rigidity since the modulus of elasticity and the thickness of 
the wall are constant. 
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Table 5-1 Comparison of Each Method – Case 1 
Method Method 1A Method 1B Method 2 FEM 
P1 (kips) 19.36 19.63 19.34 15.24 
P2 (kips) 19.36 19.63 19.34 29.25 
P3 (kips) 57.05 57.85 56.99 49.69 
P4 (kips) 4.23 2.90 4.34 5.82 
Relative Rigidity 0.350 0.647 0.292 0.234 
 
Table 5-2 Comparison of Each Method – Case 2 
Method Method 1A Method 1B Method 2 FEM 
P1 (kips) 2.66 1.92 2.82 3.83 
P2 (kips) 31.56 32.05 31.45 30.57 
P3 (kips) 31.56 32.05 31.45 39.54 
P4 (kips) 31.56 32.05 31.45 30.57 
P5 (kips) 2.66 1.92 2.82 3.83 
Relative Rigidity 0.149 0.223 0.127 0.096 
 
Table 5-3 Comparison of Each Method – Case 3 
Method Method 1A Method 1B Method 2 FEM 
P1 (kips) 11.27 10.49 10.93 8.31 
P2 (kips) 11.27 10.49 10.93 13.20 
P3 (kips) 12.31 8.58 12.80 15.12 
P4 (kips) 12.31 8.58 12.80 15.40 
P5 (kips) 26.42 30.93 26.27 30.06 
P6 (kips) 26.42 30.93 26.27 17.91 
Relative Rigidity 0.664 1.210 0.618 0.434 
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5.7 Summary 
 From an engineering perspective, the most important consideration is the force 
distribution in the wall segments and their transfer to the supports. Using the spring analogy 
method shown in Figure 5-2, 5-3, and 5-4, the load path can be easily identified. By 
understanding the force flow pattern, the distribution of forces in wall segments is likely to be 
correctly calculated. 
 Table 5-1, 5-2, and 5-3 show the forces in each pier. No matter which method is used, the 
calculated force is similar to the result from finite element analysis. The forces obtained by using 
available hand calculation methods are wholly based on relative rigidity. For instance, in Case 1, 
piers P1 and P2 have the same rigidity. Therefore, the forces in these two piers are identical. 
However, the finite element method gives different results. For the same case, the forces in piers 
P1 and P2 are 15.24 kips and 29.25 kips. They do not follow the same pattern as available hand 
calculation methods because of differences in boundary conditions. The forces obtained using 
finite element analysis are more concentrated in the middle of the wall rather than on the sides. 
 The forces in slender piers from Method 1B are smaller than that from other methods. 
The aspect ratio of slender piers is relatively small. The contribution of shear is negligible and 
the rigidity, small. However, in other methods, slender piers are usually connected to horizontal 
members so that the overall rigidity is increased resulting in higher forces. Since slender piers in 
Method 1B attract less force, the forces in shear dominant piers are correspondingly higher.  
 From the tables, the calculated rigidity using available hand calculation methods is 
overestimated. Superposition-based method, Method 2, is the most accurate method. The second 
most accurate method is Method 1A which considers both horizontal and vertical members. The 
least accurate is Method 1B. However, forces in wall segments are more important than their 
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rigidities at least for static analysis. Since the force distribution in wall segments from all 
methods are comparable, any of the three methods may be used. 
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CHAPTER 6: REFINED METHOD 1A TO IMPROVE ACCURACY 
 
6.1 Introduction 
Previous chapters have reviewed available hand calculation methods for finding the force 
distribution in perforated shear walls. Accuracy was assessed by comparison with solutions from 
finite element analysis. Although available hand calculation methods overestimate rigidity, the 
results of force distribution were satisfactory. In this chapter, a variation of Method 1A is 
presented. In this method, the boundary conditions for the beam segments are more accurately 
represented by dividing them into smaller segments. This analysis is referred to as the refined 
method in this thesis. The refined method will undoubtedly increase computational effort, but 
this may be worthwhile in some situations. The sample problem from Mujumdar (2005) will be 
used to demonstrate the refined method procedure. Subsequently, the three cases discussed in 
Chapter 5 will be re-analyzed using it. Comparisons of all results with finite element values will 
then be presented. 
6.2 Short Review of Method 1A 
In Method 1A, a perforated wall is divided into horizontal and vertical members. The 
force in these members is determined by their relative rigidities. The spring analogy method 
allows the force flow to be visualized as a current where the equivalent rigidities are defined by 
springs in parallel or in series. Since the beam segments form the boundaries of the openings, 
their support conditions can be fixed when attached to piers or cantilevered when openings are
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present. By sub-dividing these horizontal beam elements, the actual boundary conditions of these 
sub-divided segments can be realistically represented. Therefore, accuracy may potentially be 
improved. Nevertheless, the computational effort will increase as noted earlier because of the 
increase in the number of wall segments. 
6.3 Idealization of Refined Method 
Figure 6-1 shows the refined method idealization of the sample problem that is taken 
from Mujumdar (2005). The original horizontal member, B2, is now replaced by three horizontal 
members, B2 to B4. The boundary conditions of B2 and B4 are fixed. However, B3 is assumed to 
be cantilevered since B3 is free at the top because of the opening. The vertical members P1 to P3 
are unchanged. 
The spring analogy method can also be applied to the refined method. Figure 6-1(b) 
shows the load path for the sample problem modeled as a spring system with springs in parallel 
and in series.  
 
                 
 
 
Figure 6-1 Sample Problem by Using Refined Method 
 
(a) Wall Segments in Perforated Wall (b) Modeling as Spring System 
43 
 
6.4 Implementation of Refined Method 
 The force flow for the sample problem was illustrated in Chapter 2. Wall geometry and 
the force distribution are shown in Table 6-1. An in-plane lateral force of 100 kips is applied at 
the top edge to facilitate numerical comparison. The steps in the refined method procedure are 
shown in Table 6-2.  
Table 6-1 Forces in Wall Segments 
Schematic Diagram - Sample Problem 
 
Upper Section Lower Section 
Segments Force (k) Segments Force (k) 
Group 1 
Segments Force (k) 
B1 100.00 P1 10.61 
P2 40.94 
P3 48.44 
B2 30.12 
B3 22.71 
B4 36.56 
Forces from Chapter 2 
Methods Method 1A Method 1B Method 2 Finite Element Method 
P1 (k) 9.04 5.18 9.45 13.23 
P2 (k) 41.66 43.43 41.48 38.15 
P3 (k) 49.30 51.39 49.08 48.62 
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Table 6-2 Procedure for Refined Method 
Schematic Diagram Relation 
 
The rigidity of the upper section is giver by: 
𝑅௨௣௣௘௥ = 𝑅௕ଵ 
In the lower section, springs are in parallel and in 
series. The relation will be addressed below. 
 
Group 1 consists of P2, P3, B2, B3, and B4. In Group 1, 
P2, P3 are in parallel and so are B2, B3, B4. In addition, 
P2P3 and B2B3B4 are in series. 
𝑅௣ଶଷ = 𝑅௣ଶ + 𝑅௣ଷ 
𝑅௕ଶଷସ = 𝑅௕ଶ + 𝑅௕ଷ + 𝑅௕ସ 
𝑅ீ௥௢௨௣ ଵ =
1
1
𝑅௣ଶଷ
+ 1𝑅௕ଶଷସ
 
 
The lower section mentioned in first step is calculated 
by taking P1 and Group 1 in parallel. 
𝑅௟௢௪௘௥ = 𝑅௣ଵ + 𝑅ீ௥௢௨௣ ଵ 
The total rigidity of this perforated wall is: 
𝑅்௢௧௔௟ =
1
1
𝑅௨௣௣௘௥
+ 1𝑅௟௢௪௘௥
 
                   
6.5 Case Study 
The same cases analyzed in chapter 5 are re-analyzed to evaluate the accuracy of the 
refined method. The results are summarized in Table 6-3 to 6-5. Values obtained from the 
refined method are marked in red. Detailed calculations are presented in Appendix C. 
Upper Section 
Lower Section 
Group 1 
Group 1 
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Table 6-3 Comparison of Each Method – Case 1 
Method Method 1A Method 1B Method 2 Refined FEM 
P1 (kips) 19.36 19.63 19.34 19.11 15.24 
P2 (kips) 19.36 19.63 19.34 19.11 29.25 
P3 (kips) 57.05 57.85 56.99 56.34 49.69 
P4 (kips) 4.23 2.90 4.34 5.43 5.82 
Relative Rigidity 0.350 0.647 0.292 0.286 0.234 
 
Table 6-4 Comparison of Each Method – Case 2 
Method Method 1A Method 1B Method 2 Refined  FEM 
P1 (kips) 2.66 1.92 2.82 5.86 3.83 
P2 (kips) 31.56 32.05 31.45 29.43 30.57 
P3 (kips) 31.56 32.05 31.45 29.43 39.54 
P4 (kips) 31.56 32.05 31.45 29.43 30.57 
P5 (kips) 2.66 1.92 2.82 5.86 3.83 
Relative Rigidity 0.149 0.223 0.127 0.071 0.096 
 
Table 6-5 Comparison of Each Method – Case 3 
Method Method 1A Method 1B Method 2 Refined FEM 
P1 (kips) 11.27 10.49 10.93 9.95 8.31 
P2 (kips) 11.27 10.49 10.93 9.95 13.20 
P3 (kips) 12.31 8.58 12.80 14.46 15.12 
P4 (kips) 12.31 8.58 12.80 14.46 15.40 
P5 (kips) 26.42 30.93 26.27 25.59 30.06 
P6 (kips) 26.42 30.93 26.27 25.59 17.91 
Relative Rigidity 0.664 1.210 0.618 0.577 0.434 
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6.6 Discussion 
 Tables 6-3 to 6-5 show that the results for forces from all four available hand calculation 
methods (including the refined method) are similar. As mentioned in Chapter 5, the 
superposition-based method, Method 2, is the most accurate. The relative rigidities for Case 1 
and Case 3 from the refined method are 0.286 and 0.577. The corresponding values from Method 
2 are 0.292 and 0.618. The actual rigidities obtained from finite element analysis are 0.234 and 
0.434. The values from the refined method lie in-between those from Method 2 and finite 
element analysis. Therefore, the rigidities calculated by using the refined method are more 
accurate than the other available hand calculation methods.  
 However, the rigidity for Case 2 from the refined method is 0.071. The error is -26% 
while that from Method 2 is 32%. Although the refined method underestimates rigidity, its 
accuracy is still better than Method 2. The reason for the underestimation is the geometry of the 
perforated wall. In Cases 1 and 3, horizontal members were divided into smaller segments that 
were not slender because the maximum height to length ratio was 2. In contrast, the horizontal 
member in Case 2 was sub-divided into slender elements having a height to length ratio of about 
4. Slenderness significantly reduces shear rigidity. Therefore, if the aspect ratio of a divided 
member becomes larger, flexure becomes dominant. Rigidity will therefore decrease 
significantly, and results become inaccurate. 
 To further discuss the underestimation of the result in Case 2, several different aspect 
ratios were evaluated for Case 2. To avoid slenderness effects, the horizontal member was 
divided into different aspect ratios which are shown in Figure 6-2(a) and 6-2(b). The detailed 
calculations are illustrated in Appendix D and the results are summarized in Table 6-6.  
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Figure 6-2 Different Aspect Ratios for Refined Method 
From the table, the average aspect ratio for the refined method is 3.2 that results in values 
that are about 26% less than finite element method. However, if the average aspect ratio is 2, 
values are within 0.5% of the finite element solution.  
The average aspect ratios for Cases 1 and 3 varied between 1 and 1.5. Therefore, to make 
sure slenderness effects will not affect accuracy and reduce rigidity significantly, the average 
aspect ratio of the segments should be below 2. Otherwise, results may be underestimated and 
lead to inaccurate answers. 
Table 6-6 Comparison of Different Aspect Ratios in Case 2 
 
Refined Method  
(Table 6-4) 
Divide in Half 
(Figure 6-2(a)) 
Aspect Ratio of 2 
(Figure 6-2(b)) 
Average Aspect Ratio 3.2 1.6 2 
Rigidity 0.071 0.125 0.096 
Accuracy -26.55% 29.84% -0.50% 
 
 
(a) Divide the Members in Half (b) Control the Aspect Ratio at 2 
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CHAPTER 7: CONCLUSIONS 
 
Horizontal load transfer can be difficult to visualize in shear walls with openings. 
Available hand calculation methods are geared towards to computation, not load path. This is 
especially true for the most accurate available method, identified in this thesis as Method 2. This 
describes a lengthy process involving multiple superposition procedure as illustrated in Table 1-2 
and Table 2-4.  
This thesis attempts to address this important gap. The entire focus is on developing a 
method that can help trace the load path in shear walls with openings, referred to as perforated 
walls for brevity. The walls addressed are those connected to rigid diaphragms such as concrete 
slabs so that loads are distributed in proportion to their rigidities. 
The spring analogy provides a convenient starting point. Springs can be used to represent 
the rigidities of wall segments that make a perforated shear wall, a concept that has been used to 
determine the equivalent stiffness of elastic systems in structural dynamics. In this thesis, the 
spring analogy is used to represent the rigidity of the beam and pier segments that make up a 
perforated shear wall (Table 2-2). By considering the applied load to be an electric current, the 
force distribution in the wall segments can be visualized as current flowing through this spring 
“circuit”. The spring representation is deliberately oriented in the vertical direction to correspond 
to the top to bottom load flow in a structure (Figure 3-4).  
The application of the analogy is illustrated by several numerical examples of varying 
complexity taken from textbooks. Finite element solutions are included in the comparisons to 
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provide a measure of the relative accuracy of the hand calculation methods (Tables 5-1 to 5-3). 
The development of the analogy led to the realization that the accuracy of an available hand 
calculation method, referred to as Method 1A, could be improved by appropriately refining the 
boundary conditions at openings from fixed to cantilevered (Figure 6-1). Provide the maximum 
aspect ratio of the wall segments below two, results for the examples presented were found to be 
more accurate than Method 2. However, this would be at the cost of more computational effort.  
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APPENDIX A: SPRING SYSTEM AND ELECTRICAL CIRCUIT 
 
 There are some differences between spring systems and electrical circuits. The equations 
for calculating equivalent rigidity and equivalent resistance are different. In fact, they share an 
inverse relation. The equation for calculating equivalent rigidity for springs in parallel is the 
same as the equation to calculate equivalent resistance for resistors in series (see Figure A-1 and 
A-2).  
 
Figure A-1 Comparison of Spring System and Electrical Circuit – In Parallel 
K: stiffness in spring 
system 
Ω: resistance in 
electrical circuit 
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Figure A-2 Comparison of Spring System and Electrical Circuit – In Series 
  
  
K: stiffness in spring 
system 
Ω: resistance in 
electrical circuit 
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APPENDIX B: DETAILED CALCULATION OF SAMPLE PROBLEM 
 
 
Figure B-1 Sample Problem 
B.1 Method 1A 
1. Group 1 is defined as the combination of P2, P3, and B2. 
2. In Group 1, P2 and P3 are in parallel and they are in series with B2. 
3. P1 and Group 1 are in parallel and they are in series with B1. 
Table B-1 Method 1A- Sample Problem 
Method 1A             
Pier B.C. h L h/L ∆ R Force (k) 
B1 C 8 36 0.22 0.711 1.407 100.00 
P1 F 12 5 2.40 21.024 0.048 9.04 
   Group 1 2.090 0.479 90.96 
P2 F 5 7 0.71 2.507 0.399 41.66 
P3 F 5 8 0.63 2.119 0.472 49.30 
B2 F 7 23 0.30 0.941 1.062 90.96 
     Total 2.611 0.383 100.00 
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B.2 Method 1B 
1. Determine the rigidity of P1, P2, and P3. 
2. Total rigidity is the sum of the rigidities of P1, P2, and P3. 
Table B-2 Method 1B- Sample Problem 
Method 1B             
Pier B.C. h L h/L ∆ R Force (k) 
P1 F 12 5 2.40 21.024 0.048 5.18 
P2 F 5 7 0.71 2.507 0.399 43.43 
P3 F 5 8 0.63 2.119 0.472 51.39 
    Total 1.089 0.918 100.00 
 
B.3 Method 2 
1. Determine the deflection of solid wall and solid strip of this perforated wall.  
∆௦௢௟௜ௗ ௪௔௟௟= 2.353 
∆௦௢௟௜ௗ ௦௧௥௜௣= 1.037 
2. Determine the deflection of piers (P1 and Group 1). Therefore, Group 1 should be first 
determined in the following steps. 
3. Group 1 is considered to be a perforated wall. 
4. Determine the deflection of solid wall and solid strip of Group 1. 
∆௦௢௟௜ௗ ௪௔௟௟,ீଵ= 1.707 
∆௦௢௟௜ௗ ௦௧௥௜௣,ீଵ= 0.662 
5. Determine the deflection of piers (P2 and P3). 
∆௣௜௘௥௦,ீଵ=
1
(0.399 + 0.472)
= 1.148 
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6. Calculate the deflection and the rigidity of Group 1. 
∆,ீଵ= 1.707 − 0.662 + 1.148 = 2.193 
𝑅,ீଵ = 0.456 
7. Then, back to Step 2: Determine the deflection of piers (P1 and Group 1). 
∆௣௜௘௥௦=
1
(0.048 + 0.456)
= 1.986 
8. Calculate the total deflection and the total rigidity of this perforated wall. 
∆௧௢௧௔௟= 2.353 − 1.037 + 1.986 = 3.302; 𝑅 = 0.303 
Table B-3 Method 2- Sample Problem 
Method 2             
  B.C. h L h/L ∆ R Force (k) 
Solid wall C 20 36 0.56 2.353 0.425 - 
Strip F 12 36 0.33 1.037 0.964 - 
P1 F 12 5 2.40 21.024 0.048 9.45 
   Group 1 2.193 0.456 90.55 
Solid wall F 12 23 0.52 1.707 0.586 - 
Strip F 5 23 0.22 0.662 1.510 - 
P2 F 5 7 0.71 2.507 0.399 41.48 
P3 F 5 8 0.63 2.119 0.472 49.08 
     Total 3.302 0.303  100.00 
 
B.4 Refined Method 
1. The original horizontal B2 in Figure A-1 is divided into B2~B4 in Figure A-2. 
2. Group 1 is defined as the combination of P2, P3, B2, B3, and B4. 
3. Group 1 and P1 are in parallel and they are in series with B1. 
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Table B-4 Refined Method- Sample Problem 
ALT 
 
          
Pier B.C. h L h/L ∆ R Force (k) 
B1 C 8 36 0.22 0.711 1.407 100.00 
P1 F 12 5 2.40 21.024 0.048 10.61 
   Group 1 2.496 0.401 89.39 
P2 F 5 7 0.71 2.507 0.399 40.94 
P3 F 5 8 0.63 2.119 0.472 48.44 
B2 F 7 7 1.00 4.000 0.250 30.12 
B3 C 7 8 0.88 5.305 0.189 22.71 
B4 F 7 8 0.88 3.295 0.303 36.56 
     Total 2.942 0.340 100.00 
 
 
Figure B-2 Sample Problem for Refined Method 
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APPENDIX C: DETAILED CALCULATION OF THREE CASES 
 
C.1 Case 1 
 Case 1 is taken from textbook, Drysdale et al. (1994). There are three openings in this 
perforated wall. An in-plane horizontal force (F) of 100 kips is applied at the top edge of the 
wall. Determine the rigidity of the perforated wall and the forces in wall segments. 
 
Figure C-1 Case 1 
C.1.1 Case 1 - Method 1A 
1. The perforated wall is divided into horizontal members (B1 and B2) and vertical members 
(P1, P2, P3, and P4). 
2. Group 1 is defined as the combination of P1, P2, P3, and B2. 
3. In Group 1, P1, P2 and P3 are in parallel and they are in series with B2. 
4. P4 and Group 1 are in parallel and they are in series with B1. 
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Table C-1 Case 1- Method 1A 
Method 1A             
Pier B.C. h L h/L ∆ R Force (k) 
B1 C 4 21 0.19 0.599 1.669 100.00 
P4 F 7 2 3.50 53.375 0.019 4.23 
   Group 1 2.357 0.424 95.77 
P1 F 3 2 1.50 7.875 0.127 19.36 
P2 F 3 2 1.50 7.875 0.127 19.36 
P3 F 3 4 0.75 2.672 0.374 57.05 
B2 F 4 16 0.25 0.766 1.306 95.77 
     Total 2.857 0.350 100.00 
 
C.1.2 Case 1 - Method 1B 
1. Determine the rigidity of P1, P2, P3, and P4. 
2. Total rigidity is the sum of the rigidities of P1, P2, P3, and P4. 
Table C-2 Case 1- Method 1B 
Method 1B             
Pier B.C. h L h/L ∆ R Force (k) 
P1 F 3 2 1.50 7.875 0.127 19.63 
P2 F 3 2 1.50 7.875 0.127 19.63 
P3 F 3 4 0.75 2.672 0.374 57.85 
P4 F 7 2 3.50 53.375 0.019 2.90 
    Total 1.546 0.647 100.00 
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C.1.3 Case 1 - Method 2 
1. Determine the deflection of solid wall and solid strip of Case 1.  
∆௦௢௟௜ௗ ௪௔௟௟= 2.146 
∆௦௢௟௜ௗ ௦௧௥௜௣= 1.037 
2. Determine the deflection of piers (Group 1 and P4). Therefore, Group 1 should be first 
determined in the following steps. 
3. Group 1 is considered to be another perforated wall. 
4. Determine the deflection of solid wall and solid strip of Group 1. 
∆௦௢௟௜ௗ ௪௔௟௟,ீଵ= 1.396 
∆௦௢௟௜ௗ ௦௧௥௜௣,ீଵ= 0.569 
5. Determine the deflection of piers (P1, P2, and P3). 
∆௣௜௘௥௦,ீଵ=
1
(0.127 + 0.127 + 0.374)
= 1.592 
6. Calculate the deflection and the rigidity of Group 1. 
∆,ீଵ= 1.396 − 0.569 + 1.592 = 2.419 
𝑅,ீଵ = 0.413 
7. Then, back to Step 2: Determine the deflection of piers (Group 1 and P4). 
∆௣௜௘௥௦=
1
(0.413 + 0.019)
= 2.314 
8. Calculate the total deflection and the total rigidity of this perforated wall. 
∆௧௢௧௔௟= 2.146 − 1.037 + 2.314 = 3.423 
𝑅 = 0.292 
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Table C-3 Case 1- Method 2 
Method 2             
  B.C. h L h/L ∆ R Force (k) 
Solid wall C 11 21 0.52 2.146 0.466 - 
Strip F 7 21 0.33 1.037 0.964 - 
P4 F 7 2 3.50 53.375 0.019 4.34 
   Group 1 2.419 0.413 95.66 
Solid wall F 7 16 0.44 1.396 0.716 - 
Strip F 3 16 0.19 0.569 1.757 - 
P1 F 3 2 1.50 7.875 0.127 19.34 
P2 F 3 2 1.50 7.875 0.127 19.34 
P3 F 3 4 0.75 2.672 0.374 56.99 
     Total 3.423 0.292 100.00 
 
C.1.4 Case 1 – Refined Method 
1. The original horizontal B2 in Figure B-1 is divided into B2~B6. 
2. Group 1 is defined as the combination of P1~P3 and B2~B6 (see Figure B-2). 
3. Group 1 and P4 are in parallel and they are in series with B1. 
 
Figure C-2 Case 1 for Refined Method 
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Table C-4 Case 1 - Refined Method 
ALT 
 
          
Pier B.C. h L h/L ∆ R Force (k) 
B1 C 4 21 0.19 0.599 1.669 100.00 
P4 F 7 2 3.50 53.375 0.019 5.43 
   Group 1 3.065 0.326 94.57 
P1 F 3 2 1.50 7.875 0.127 19.11 
P2 F 3 2 1.50 7.875 0.127 19.11 
P3 F 3 4 0.75 2.672 0.374 56.34 
B2 F 4 2 2.00 14.000 0.071 9.95 
B3 C 4 4 1.00 7.000 0.143 19.91 
B4 F 4 2 2.00 14.000 0.071 9.95 
B5 C 4 4 1.00 7.000 0.143 19.91 
B6 F 4 4 1.00 4.000 0.250 34.84 
     Total 3.498 0.286 100.00 
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C.2 Case 2 
Case 2 is also taken from textbook, Drysdale et al. (1994). In this case, there are four 
openings in the wall. An in-plane horizontal force (F) of 100 kips is applied at the top edge of the 
wall. Determine the rigidity of the perforated wall and the forces in wall segments. 
 
Figure C-3 Case 2 
C.2.1 Case 2 - Method 1A 
1. Group 1 is defined as the combination of P2, P3, P4, and B2. 
2. In Group 1, P2, P3 and P4 are in parallel and they are in series with B2. 
3. P1, P5 and Group 1 are in parallel and they are in series with B1. 
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Table C-5 Case 2- Method 1A 
Method 1A             
Pier B.C. h L h/L ∆ R Force (k) 
B1 C 4 26 0.15 0.476 2.100 100.00 
P1 F 12 2 6.00 234.000 0.004 2.66 
P5 F 12 2 6.00 234.000 0.004 2.66 
   Group 1 6.568 0.152 94.69 
P2 F 4 2 2.00 14.000 0.071 31.56 
P3 F 4 2 2.00 14.000 0.071 31.56 
P4 F 4 2 2.00 14.000 0.071 31.56 
B2 F 8 14 0.57 1.901 0.526 94.69 
     Total 6.695 0.149 100.00 
 
C.2.2 Case 2 - Method 1B 
1. Determine the rigidity of P1, P2, P3, P4, and P5. 
2. Total rigidity is the sum of the rigidities of P1, P2, P3, P4, and P5. 
Table C-6 Case 2- Method 1B 
Method 1B             
Pier B.C. h L h/L ∆ R Force (k) 
P1 F 12 2 6.00 234.000 0.004 1.92 
P2 F 4 2 2.00 14.000 0.071 32.05 
P3 F 4 2 2.00 14.000 0.071 32.05 
P4 F 4 2 2.00 14.000 0.071 32.05 
P5 F 12 2 6.00 234.000 0.004 1.92 
    Total 4.488 0.223 100.00 
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C.2.3 Case 2 - Method 2 
1. Determine the deflection of solid wall and solid strip of Case 2.  
∆௦௢௟௜ௗ ௪௔௟௟= 2.778 
∆௦௢௟௜ௗ ௦௧௥௜௣= 1.483 
2. Determine the deflection of piers (P1, Group 1, and P5). Therefore, Group 1 should be 
first determined in the following steps. 
3. Group 1 is considered to be another perforated wall. 
4. Determine the deflection of solid wall and solid strip of Group 1. 
∆௦௢௟௜ௗ ௪௔௟௟,ீଵ= 3.201 
∆௦௢௟௜ௗ ௦௧௥௜௣,ீଵ= 0.880 
5. Determine the deflection of piers (P2, P3, and P4). 
∆௣௜௘௥௦,ீଵ=
1
(0.071 + 0.071 + 0.071)
= 4.666 
6. Calculate the deflection and the rigidity of Group 1. 
∆,ீଵ= 3.201 − 0.880 + 4.666 = 6.987 
𝑅,ீଵ = 0.143 
7. Then, back to Step 2: Determine the deflection of piers (P1, Group 1, and P5). 
∆௣௜௘௥௦=
1
(0.004 + 0.143 + 0.004)
= 6.594 
8. Calculate the total deflection and the total rigidity of this perforated wall. 
∆௧௢௧௔௟= 2.778 − 1.483 + 6.594 = 7.889 
𝑅 = 0.127 
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Table C-7 Case 2- Method 2 
Method 2             
  B.C. h L h/L ∆ R Force (k) 
Solid wall C 16 26 0.62 2.778 0.360 - 
Strip F 12 26 0.46 1.483 0.674 - 
P1 F 12 2 6.00 234.000 0.004 2.82 
P5 F 12 2 6.00 234.000 0.004 2.82 
   Group 1 6.987 0.143 94.36 
Solid wall F 12 14 0.86 3.201 0.312 - 
Strip F 4 14 0.29 0.880 1.136 - 
P2 F 4 2 2.00 14.000 0.071 31.45 
P3 F 4 2 2.00 14.000 0.071 31.45 
P4 F 4 2 2.00 14.000 0.071 31.45 
     Total 7.889 0.127 100.00 
 
C.2.4 Case 2 – Refined Method 
 
Figure C-4 Case 2 for Refined Method 
1. The original horizontal B2 in Figure B-3 is divided into B2~B6. 
2. Group 1 is defined as the combination of P2~P4 and B2~B6 (see Figure B-3). 
3. Group 1, P1, and P4 are in parallel and they are in series with B1. 
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Table C-8 Case 2 - Refined Method 
ALT 
 
          
Pier B.C. h L h/L ∆ R Force (k) 
B1 C 4 26 0.15 0.476 2.100 100.00 
P1 F 12 2 6.00 234.000 0.004 5.86 
P5 F 12 2 6.00 234.000 0.004 5.86 
   Group 1 15.524 0.064 88.29 
P2 F 4 2 2.00 14.000 0.071 29.43 
P3 F 4 2 2.00 14.000 0.071 29.43 
P4 F 4 2 2.00 14.000 0.071 29.43 
B2 F 8 2 4.00 76.000 0.013 12.61 
B3 C 8 4 2.00 38.000 0.026 25.22 
B4 F 8 2 4.00 76.000 0.013 12.61 
B5 C 8 4 2.00 38.000 0.026 25.22 
B6 F 8 2 4.00 76.000 0.013 12.61 
     Total 14.181 0.071 100.00 
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C.3 Case 3 
Case 3 is taken from textbook, Amrhein (1992). In this case, there are five openings in 
the wall. An in-plane horizontal force (F) of 100 kips is applied at the top edge of the wall. 
Determine the rigidity of the perforated wall and the forces in wall segments. 
 
Figure C-5 Case 3 
C.3.1 Case 3 - Method 1A 
1. The definition of Group 1 to Group 4 is shown in Figure B-5. 
2. Group 1 to Group 4 are in parallel and they are in series with B1. 
3. In Group 1, P1 and P2 are in parallel and they are in series with B2. 
4. In Group 2, P3 and B3 are in series. 
5. Group 3 is the same as Group 2 and Group 4 is the same as Group 1. 
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Table C-9 Case 3 – Method 1A 
Method 1A             
Pier B.C. h L h/L ∆ R Force (k) 
B1 C 4 48 0.08 0.252 3.963 100.00 
   Group 1 5.563 0.180 22.54 
P1 F 3 2 1.50 7.875 0.127 11.27 
P2 F 3 2 1.50 7.875 0.127 11.27 
B2 F 4 8 0.50 1.625 0.615 22.54 
   Group 2   10.181 0.098 12.31 
P3 F 5 3 1.67 9.630 0.104 12.31 
B3 F 2 11 0.18 0.551 1.813 12.31 
   Group 3 10.181 0.098 12.31 
P4 F 5 3 1.67 9.630 0.104 12.31 
B4 F 2 11 0.18 0.551 1.813 12.31 
   Group 4 2.373 0.421 52.83 
P5 F 3 4 0.75 2.672 0.374 26.42 
P6 F 3 4 0.75 2.672 0.374 26.42 
B5 F 4 12 0.33 1.037 0.964 52.83 
     Total 1.506 0.664  100.00 
 
C.3.2 Case 3 - Method 1B 
1. Determine the rigidity of P1, P2, P3, P4, and P5. 
2. Total rigidity is the sum of the rigidities of P1, P2, P3, P4, and P5. 
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Table C-10 Case 3- Method 1B 
Method 1B             
Pier B.C. h L h/L ∆ R Force (k) 
P1 F 3 2 1.50 7.875 0.127 10.49 
P2 F 3 2 1.50 7.875 0.127 10.49 
P3 F 5 3 1.67 9.630 0.104 8.58 
P4 F 5 3 1.67 9.630 0.104 8.58 
P5 F 3 4 0.75 2.672 0.374 30.93 
P6 F 3 4 0.75 2.672 0.374 30.93 
    Total 0.826 1.210 100.00 
 
C.3.3 Case 3 - Method 2 
1. Determine the deflection of solid wall and solid strip of this perforated wall.  
∆௦௢௟௜ௗ ௪௔௟௟= 0.736; ∆௦௢௟௜ௗ ௦௧௥௜௣= 0.441 
2. Determine the deflection of piers (Group 1~ 4). Therefore, Group 1~ 4 should be 
determined first and they are in parallel. 
3. Calculate the rigidity of Group 1~4 (see Table B-11). 
𝑅,ீଵ = 0.165; 𝑅,ீଶ = 0.097; 𝑅,ீଷ = 0.097; 𝑅,ீସ = 0.397 
4. Then, back to Step 2: Determine the deflection of piers (Group 1~4). 
∆௣௜௘௥௦=
1
(0.165 + 0.097 + 0.097 + 0.397)
= 1.323 
 
5. Calculate the total deflection and the total rigidity of this perforated wall. 
∆௧௢௧௔௟= 0.736 − 0.441 + 1.323 = 1.618; 𝑅 = 0.618 
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Table C-11 Case 3- Method 2 
Method 2           
 
 
B.C. h L h/L ∆ R Force (k) 
Solid wall C 11 48 0.23 0.736 1.359 - 
Strip F 7 48 0.15 0.441 2.270 - 
   Group 1 6.055 0.165 21.86 
Solid wall F 7 8 0.88 3.295 0.303 - 
Strip F 3 8 0.38 1.178 0.849 - 
P1 F 3 2 1.50 7.875 0.127 10.93 
P2 F 3 2 1.50 7.875 0.127 10.93 
   Group 2 10.339 0.097 12.80 
Solid wall F 7 11 0.64 2.167 0.462 - 
Strip F 5 11 0.45 1.458 0.686 - 
P3 F 5 3 1.67 9.630 0.104 12.80 
   Group 3 10.339 0.097 12.80 
Solid wall F 7 11 0.64 2.167 0.462 - 
Strip F 5 11 0.45 1.458 0.686 - 
P4 F 5 3 1.67 9.630 0.104 12.80 
   Group 4 2.519 0.397 52.54 
Solid wall F 7 12 0.58 1.948 0.513 - 
Strip F 3 12 0.25 0.766 1.306 - 
P5 F 3 4 0.75 2.672 0.374 26.27 
P6 F 3 4 0.75 2.672 0.374 26.27 
     Total 1.618 0.618 100.00 
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C.3.4 Case 3 – Refined Method 
 
Figure C-6 Case 3 for Refined Method 
1. The original horizontal members B2, B3, B4, and B5 in Figure B-5 are divided into B2~B4, 
B5~B6, B7~B8, and B9~B11, respectively. 
2. The definition of Group 1~4 is shown in Figure B-6. 
3. Group 1~4 are in parallel and they are in series with B1. 
Table C-12 Case 3 - Refined Method 
ALT 
 
          
Pier B.C. h L h/L ∆ R Force (k) 
B1 C 4 48 0.08 0.252 3.963 100.00 
   Group 1 7.438 0.134 19.90 
P1 F 3 2 1.50 7.875 0.127 9.95 
P2 F 3 2 1.50 7.875 0.127 9.95 
B2 F 4 2 2.00 14.000 0.071 4.97 
B3 C 4 4 1.00 7.000 0.143 9.95 
B4 F 4 2 2.00 14.000 0.071 4.97 
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Table C-12 (continued) 
ALT 
 
          
Pier B.C. h L h/L ∆ R Force (k) 
  Group 2 10.230 0.098 14.46 
P3 F 5 3 1.67 9.630 0.104 14.46 
B5 C 2 8 0.25 0.813 1.231 10.68 
B6 F 2 3 0.67 2.296 0.435 3.78 
   Group 3 10.230 0.098 14.46 
P4 F 5 3 1.67 9.630 0.104 14.46 
B7 F 2 3 0.67 2.296 0.435 3.78 
B8 C 2 8 0.25 0.813 1.231 10.68 
   Group 4 2.891 0.346 51.17 
P5 F 3 4 0.75 2.672 0.374 25.59 
P6 F 3 4 0.75 2.672 0.374 25.59 
B9 F 4 4 1.00 4.000 0.250 19.90 
B10 C 4 4 1.00 7.000 0.143 11.37 
B11 F 4 4 1.00 4.000 0.250 19.90 
    Total 1.732 0.577 100.00 
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APPENDIX D: DIFFERENT ASPECT RATIO FOR CASE 2 
 
D.1 Divide Members in Half 
 
Figure D-1 Divide Members in Half 
1. Divide members in half. Therefore, the members B2~B6 in refined method are replaced 
by B2~B11. Details are shown in Fig D-1. 
2. Follow the same pattern in refined method, P1, group 1, and P5 are in parallel and they are 
in series with B1. 
Table D-1 Divide Members in Half 
ALT – D.1 
 
          
Pier B.C. h L h/L ∆ R Force (k) 
B1 C 4 26 0.15 0.476 2.100 100.00 
P1 F 12 2 6.00 234.000 0.004 3.22 
P5 F 12 2 6.00 234.000 0.004 3.22 
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Table D-1 (continued) 
ALT – D.1 
 
          
Pier B.C. h L h/L ∆ R Force (k) 
   Group 1 8.067 0.124 93.55 
P2 F 4 2 2.000 14.000 0.071 31.18 
P3 F 4 2 2.000 14.000 0.071 31.18 
P4 F 4 2 2.000 14.000 0.071 31.18 
B2 F 4 2 2.000 14.000 0.071 13.36 
B3 C 4 4 1.000 7.000 0.143 26.73 
B4 F 4 2 2.000 14.000 0.071 13.36 
B5 C 4 4 1.000 7.000 0.143 26.73 
B6 F 4 2 2.000 14.000 0.071 13.36 
B7 F 4 2 2.000 14.000 0.071 13.36 
B8 F 4 4 1.000 4.000 0.250 26.73 
B9 F 4 2 2.000 14.000 0.071 13.36 
B10 F 4 4 1.000 4.000 0.250 26.73 
B11 F 4 2 2.000 14.000 0.071 13.36 
     Total 8.022 0.125 100.00 
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D.2 Control Members at Aspect Ratio of 2 
 
Figure D-2 Control Members at Aspect Ratio of 2 
1. Only divide the members with original aspect ratio of 4 in half. Therefore, the members 
B2~B6 in refined method are replaced by B2~B9. Details are shown in Fig D-2. 
2. Follow the same pattern in refined method, P1, group 1, and P5 are in parallel and they are 
in series with B1. 
Table D-2 Control Aspect Ratio at 2 
ALT – D.2 
 
          
Pier B.C. h L h/L ∆ R Force (k) 
B1 C 4 26 0.15 0.476 2.100 100.00 
P1 F 12 2 6.00 234.000 0.004 4.27 
P5 F 12 2 6.00 234.000 0.004 4.27 
   Group 1 10.925 0.092 91.46 
P2 F 4 2 2.00 14.000 0.071 30.49 
P3 F 4 2 2.00 14.000 0.071 30.49 
P4 F 4 2 2.00 14.000 0.071 30.49 
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Table D-2 (continued) 
ALT – D.1 
 
          
Pier B.C. h L h/L ∆ R Force (k) 
B2 F 4 2 2.000 14.000 0.071 20.44 
B3 F 4 2 2.000 14.000 0.071 20.44 
B4 C 8 4 2.000 38.000 0.026 15.06 
B5 F 4 2 2.000 14.000 0.071 20.44 
B6 F 4 2 2.000 14.000 0.071 20.44 
B7 C 8 4 2.000 38.000 0.026 15.06 
B8 F 4 2 2.000 14.000 0.071 20.44 
B9 F 4 2 2.000 14.000 0.071 20.44 
     Total 10.469 0.096 100.00 
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APPENDIX E: COPYRIGHT PERMISSIONS 
 
E.1 Copyright Permission Page 
 The permission below is for the use of figures in Chapter 1, Chapter 3, and Chapter 4. 
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